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Summary
Background: In Drosophila epithelial cells, specification and
maintenance of the zonula adherens (za) is crucial to ensure
epithelial tissue integrity. This depends on the intertwined
function of Bazooka (Baz), Par6-DaPKC, and the Crumbs
(Crb)-Stardust (Sdt)-PATJ complex. However, the detailed
molecular basis for the interplay between these factors during
this process is not fully understood.
Results: We demonstrate that during photoreceptor apico-
basal polarity remodeling, Crb is required to exclude Baz from
the subapical domain. This is achieved by recruiting Par6 and
DaPKC to this membrane domain. This molecular sorting
depends on Baz phosphorylation by DaPKC at the conserved
serine 980 and on the activity of the small GTPase Cdc42 asso-
ciated with Par6. Our data indicate that although Cdc42
binding to Par6 is not required for Baz phosphorylation by
DaPKC, it is required for optimum recruitment of Crb at the
subapical membrane, a process necessary for delineating
the nascent za from this membrane domain.
Conclusion: Binding of Cdc42 to the DaPKC regulatory
subunit Par6 is required to promote Crb- and DaPKC-depen-
dent apical exclusion of Baz. This molecular sorting mecha-
nism results in setting up the boundary between the photore-
ceptor subapical membrane and the za.
Introduction
Epithelial cell polarity specification along the apicobasal axis is
characterized by the stratification of the cell membrane into
specialized domains, including the E-cadherin (E-Cad) con-
taining cell-cell junctional domains called zonula adherens
(za). This particular junctional domain is crucial for ensuring
epithelial tissue integrity [1]. However, despite the accumu-
lating evidence for the importance of the polarity proteins
such as Bazooka (Baz), Par6-DaPKC, and the Crumbs (Crb)-
Stardust (Sdt)-PATJ complex during za morphogenesis and
polarity specification [2], our understanding of the precise
molecular interplay between these factors in epithelial cells
remains incomplete.
The gastrulating fly embryo and follicular epithelium are
popular model systems to study epithelial cell polarity specifi-
cation and maintenance. In the early gastrulae, apically local-
ized Crb and its binding partner Stardust (Sdt/Pals1) are
required to specify the ectoderm za [3–5]. In this context, crb
function is to promote adherens junction (AJ) material such
as E-Cad and Armadillo (Arm) to coalesce into a homogenous*Correspondence: f.pichaud@ucl.ac.ukza. During this process, baz function is epistatic to that of crb,
with baz acting upstream of AJ specification [6–8]. In addition,
crb function appears to be particularly important during
epithelial tissue remodeling, as recently demonstrated in the
Drosophila developing ventral neuroectoderm [9], the renal
tube [10], or the pupal photoreceptor [11, 12]. These studies
indicate a crucial role for Crb during za specification and
during za maintenance in remodeling tissues [4, 9–12]. How-
ever, the detailed relationship between Crb, Baz, DaPKC-
Par6, and za morphogenesis is not fully understood.
The main apical polarity factors have traditionally been
grouped into two protein complexes: the Par (Baz-Par6-
DaPKC) and Crb (Crb-Sdt-PATJ) complexes. However, in
recent years, it has become increasingly clear that the relation-
ship and interactions between these factors are more dynamic
than previously recognized. For instance, both Sdt/Pals1 and
Crb have been shown to directly bind to the DaPKC regulatory
subunit Par6 via its conserved PDZ domain, which is also
known to mediate this factor’s interaction with Baz/mPar3
[13–18]. Further, phosphorylation of Crb at threonines 6 and
9 by DaPKC is required for this conserved transmembrane
factor’s function [19]. Importantly, within the apical membrane
of the gastrulae, the follicular epithelium, and the developing
pupal photoreceptor, DaPKC and Par6 are enriched immedi-
ately apical to Baz, with the latter colocalizing with the AJ
components E-Cad and Arm [18, 20–22]. Similarly, in verte-
brates and C. elegans epithelial cells, mPar3 is localized
slightly basal to PKC-Par6 [23, 24]. Altogether, these observa-
tions suggest that in epithelial cells, Baz/mPar3 function might
be relatively independent from that of DaPKC-Par6. Compat-
ible with this hypothesis is the demonstration that in the fly
embryo, Baz is able to bind to the AJ components Arm, Echi-
noid (Ed), and PTEN2 [25–27] and is responsible for recruiting
the apically preassembled E-Cad-Arm AJ complex to the
nascent za [28]. Similarly, work in vertebrates also indicates
that ASIP/mPar3 is detected at the epithelial cell-cell junction
at early stages of tight junction (TJ) formation [29]. These
observations suggest that controlling the position of the Baz
domain at the plasma membrane might represent a key
parameter during za and TJ morphogenesis. They also indi-
cate that in epithelial cells, DaPKC-Par6 and Baz have distinct
functions, a hypothesis difficult to reconcile with these factors
functioning as part of the Par complex.
In order to address this issue and to better understand the
relationship between the Crb complex and Baz, Par6-DaPKC,
we are making use of a discrete step of apicobasal polarity
remodeling that occurs during pupal photoreceptor morpho-
genesis. This morphogenetic step is characterized by a remod-
eling of the cell za such that a proximodistal axis is created
within the retina, positioning the photoreceptor light-gathering
organelle in axis with the path of the incident light [30]. During
this process, the apical membrane is stratified into an apical-
most stack of microvilli, a specialized subapical membrane
domain called the stalk, and the za. During photoreceptor re-
modeling, Baz is localized at the developing za, whereas
Crb, Sdt, PATJ, and DaPKC-Par6 are localized at the subapical
membrane [11, 12, 18, 27, 31]. This configuration is consistent
with the situation reported in the fly ectoderm and follicular
Figure 1. Stratification of the Pupal Photoreceptor Apical Membrane
(A) Schematic representation of a developing ommatidium in the larval eye disc (left) and at the onset of zonula adherens (za) specification during midpupal
development (right). On the left, the apical domain containing low levels of Crumbs (Crb), together with DaPKC, Par6, Bazooka (Baz), Armadillo (Arm), and
E-cadherin (E-Cad), is depicted in yellow. On the right, the nascent rhabdomere, subapical, za, and basal membrane domains are shown in black, green, red,
and blue, respectively. Adapted from [30].
(B and C) Electron micrographs of a wild-type ommatidium at mid (B) and late (C) pupal development. In (C), one subapical membrane and one za are high-
lighted in green and red, respectively.
(D–D00) A 35% pupal ommatidium stained for Arm (green) and Baz (red).
(E–E00) A 35% pupal ommatidium stained for DaPKC (green) and Baz (red).
(F–F00) A 35% pupal ommatidium stained for Crb (green) and Baz (red).
(G–G00) A 40% pupal ommatidium stained for Arm (green) and Baz (red).
(H–H00) A 45% pupal ommatidium stained for Arm (green) and Baz (red).
(I–I00) A 45% pupal ommatidium stained for DaPKC (green) and Baz (red).
(J–J00) A 45% pupal ommatidium stained for Par6 (green) and Arm (red).
(K–K00) A 45% pupal ommatidium stained for Crb (green) and Baz (red).
(L and M) Schematic representation of the pattern of expression for Crb (green), DaPKC (blue), and Arm-Baz (red) at the onset of apicobasal remodeling (L)
and following apicobasal remodeling (M).
(N) Electron micrograph of a wild-type adult ommatidium. One subapical membrane and one za are highlighted in green and red, respectively.
(O) Electron micrograph of an adult ommatidium mutant for bazxi.
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1066epithelium, making the pupal photoreceptor an ideal model
system to tackle the problem of apicobasal polarity during
tissue remodeling.
Results
Baz Is Excluded from the Nascent Subapical Domain
at the Onset of za Remodeling
During pupal photoreceptor differentiation, the apicobasal
polarity of the columnar neuroepithelium is remodeled in order
to create a proximodistal axis that runs from the surface lens to
the optic lobe [32]. Here we took advantage of this striking step
of polarity remodeling (Figures 1A–1C) to study the relation-
ship between the Crb complex (Crb-Sdt-PATJ) and the Parcomplex (Baz-DaPKC-Par6). Once the animal enters pupation
and before the onset of za remodeling, Baz, DaPKC, and Arm
become colocalized at the apical membrane of the photore-
ceptor that includes both the nascent apical-most microvilli
and subapical membrane (Figures 1A and 1D–1F). At this
stage, Crb is barely detectable within the DaPKC-positive
membrane domain and is concentrated at the apical-most
pole of the cell (Figure 1F).
At the onset of za specification, Baz becomes excluded
from the nascent subapical membrane, shortly followed by
E-Cad-Arm (Figures 1G–1K). This is correlated with a dramatic
increase in Crb levels at the subapical membrane (Figure 1K).
Concomitant with Baz and Arm being excluded from the
subapical membrane, DaPKC, Par6, and Crb appear to be
Figure 2. baz is Epistatic to sdt and dlg during Pupal Photoreceptor za
Remodeling
(A–A0 00) A 45% pupal ommatidium mutant for bazxi, labeled by the absence of
the GFP marker (blue), and stained for Arm (green) and DaPKC (red).
(B–B0 00) A 45% pupal ommatidium mutant for DaPKCk06403, labeled by the
absence of the GFP marker (blue), and stained for Arm (green) and Baz
(red). An arrow points to a cortical domain at the interface of two mutant
cells.
(C–C0 00) A 45% pupal ommatidium mutant for sdtXP96, labeled by the
absence of the GFP marker (blue), and stained for Arm (green) and DaPKC
(red).
(D–D0 00) A 45% pupal ommatidium mutant for dlgM52, labeled by the absence
of the GFP marker (blue), and stained for Arm (green) and DaPKC (red).
(E–E0 00) A 45% pupal ommatidium mutant for bazxi and sdtXP96, labeled by
the absence of the GFP marker (blue), and stained for Arm (green) and
DaPKC (red).
(F–F00 00) A 45% pupal ommatidium mutant for bazEH171 and dlgM52, labeled by
the absence of the GFP marker (blue), and stained for Arm (green) and
DaPKC (red).
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1067significantly, but not completely, withdrawn from the nascent
za (Figures 1I–1K). Interestingly, whereas Baz colocalizes
with AJ material (i.e., Arm), we also observed a reproducible
trail of Arm immediately basal to Baz (Figure 1H; see inset in
Figure 1H00).
These data, summarized in Figures 1L and 1M, are consis-
tent with Baz providing a positional cue for za assembly.
This is further supported by the fact that no za or subapical
membranes can be detected in the corresponding adult baz
mutant photoreceptors (Figures 1N and 1O). Importantly,
these data reveal a correlation between the upregulation of
Crb and the apical exclusion of Baz.
Although the function of most, if not all, of the known polarity
genes has been examined in the developing photoreceptor,
our understanding of their relationship in these cells remains
incomplete. We therefore sought to test the epistatic relation-
ship between baz and the crb and lethal giant larvae (lgl)
‘‘complexes.’’ First, bazxi mutant cells are characterized by
a lack of DaPKC at the cortex and present scattered domains
positive for the AJ component Arm (Figure 2A). This demon-
strates that Baz function is required for DaPKC localization
at the photoreceptor apical cell cortex and for positioning
the za along the apicobasal axis of the cell. Second, DaPKC
function is not required for Baz and Arm recruitment at the
apical membrane (Figure 2B). Third, examining sdtXP96 mutant
cells reveals that both DaPKC and Arm are present at the cell
membrane in distinct domains (Figure 2C). In this case, Arm is
localized basal to the DaPKC-positive membrane domain;
however, we also note an overlap between DaPKC and Arm
expression at the site of the presumptive za (Figure 2C, arrow).
Therefore, in the absence of sdt function, DaPKC is not
completely separated from the Arm-containing za. Fourth,
mutant photoreceptors for the basal factor Discs large
(dlgM52) show Arm localizing basal to the DaPKC-positive
membrane domains (Figure 2D). The double sdtXP96, bazxi
mutant cells resemble the single bazxi mutant cells in that no
DaPKC is detected at the cell cortex and Arm is either absent
or scattered along the apical domain of the cells (Figure 2E).
Similarly, double dlgM52, bazEH171 mutant cells resemble the
bazxi mutant cells (Figure 2F). Therefore, we conclude that
during photoreceptor apical membrane morphogenesis and
za remodeling, similar to the situation described in the fly
gastrulae, baz function is epistatic to that of the crb and lgl
complexes. In addition, whereas baz function is required for
DaPKC recruitment, DaPKC function is not required for recruit-
ing Baz and Arm to the apical cell cortex.
DaPKC Phosphorylation of Baz at S980 Is Required
for Defining the Boundary between the Subapical Domain
and the Nascent za
Previous work in mammalian cells has revealed that ASIP/
mPar3 is a substrate for PKCl/z phosphorylation at serine
827 [29], a residue conserved in Drosophila at position S980
(see Figure S1A available online). This phosphorylation event
has been shown to inhibit ASIP/mPar3 binding to aPKC
[33, 34]. Conversely, mutagenesis of this conserved serine
(S980) residue to an alanine has been shown to lead to a
30-fold increase in the measured in vitro binding affinity
between the corresponding C-terminal part of Baz and DaPKC
[35]. Altogether, and as proposed in mammalian epithelial cells
[29], this suggests that the ternary Baz-DaPKC-Par6 complex
might represent a transient enzyme-substrate association.
In order to test this model, we performed an in vitro kinase
assay with active recombinant PKCz and the recombinantCR3 domain of Baz bearing S980 [35]. As a control, we per-
formed the same assay with recombinant CR3 in which S980
is mutated to an alanine [35]. This assay indicates that, indeed,
Baz-S980 can be specifically phosphorylated in vitro by PKC
(Figures 3A–3A’). Next, we examined the pattern of expression
of a phosphomimetic S980 (BazS980E) or an unphosphorylat-
able S980 (BazS980A) version of Baz [36] during photore-
ceptor apicobasal polarity remodeling. First, when expressing
wild-type Baz::GFP in pupal photoreceptors, the correspond-
ing recombinant protein localizes similarly to endogenous Baz
and is found at the nascent za at the onset of apicobasal
polarity specification (Figure 3B). Second, when expressing
the BazS980E::GFP transgene under the same conditions,
the corresponding protein localizes similarly to endogenous
Baz, at the site of the developing za (Figure 3C). In addition,
the corresponding adult photoreceptors appear to be wild-
type when examined via electron microscopy (Figures S1B
and S1C). Interestingly, we note that the basal trail of Arm
Figure 3. DaPKC Phosphorylation of Baz Is Required for Defining the Boundary between the Subapical Membrane and the Nascent za
(A) Western blotting of BazSA980 and WTBaz expressed in bacteria and treated with active PKCz in vitro.
(A0) A Coomassie blue staining of a 10 ml fraction from each corresponding kinase reaction presented in (A) is provided as a loading control.
(B–B0 00) A 45% pupal ommatidium expressing WTBaz::GFP. Staining for DaPKC is in green, WTBaz::GFP is in red, and Arm is in blue.
(C–C0 00) A 45% pupal ommatidium expressing BazS980E::GFP. Staining for DaPKC is in green, BazS980E::GFP is in red, and Arm is in blue.
(D–D0 00) A 45% pupal ommatidium expressing BazS980A::GFP. Staining for DaPKC is in green, BazS980A::GFP is in red, and Arm is in blue.
(E–E0 00) A 45% pupal ommatidium expressing BazS980A::GFP. Staining for Crb is in green, BazS980A::GFP is in red, and E-Cad is in blue.
(F–F0 00) Pupal ommatidium expressing E-Cad::GFP prior to za remodeling. Staining for Par6 is in green, Phospho-S980 Baz is in red, and E-Cad::GFP is in
blue.
(G–G00) A 45% pupal ommatidium stained for Arm (green) and Phospho-S980 Baz (red).
(H) Western blotting of WTBaz::GFP expressed in S2 cells. Cell extracts were untreated and incubated with l-phosphatase or with l-phosphatase in the
presence of 10 mM Na3VO4 inhibitor. Loading was controlled by probing the membrane with anti-GFP.
(I) Western blotting of WTBaz::GFP. SA980Baz::GFP and SE980Baz::GFP were expressed in S2 cells. Loading was controlled by probing the membrane with
anti-GFP.
(J) Western blotting of WTBaz::GFP expressed in untreated S2 cells and cells treated with a PKCz inhibitor. Loading was controlled by probing the
membrane with anti-GFP.
(K–K0 00) A 45% pupal ommatidium mosaic for bazxi, labeled by the absence of GFP (blue), and stained for Arm (green) and Phospho-S980 Baz (red). White
arrows highlight the absence of Phospho-S980 Baz staining at a developing za flanked by bazxi mutant cells (K0 and K00).
(L–L0 00) A 45% pupal ommatidium mosaic for DaPKCk0640, labeled by the absence of GFP (blue), and stained for Baz (green) and Phospho-S980 Baz (red).
A white arrow highlights the strong reduction of Phospho-S980 Baz staining at a developing za ofDaPKCk06403 mutant cells (L0 and L00). A quantification of the
P-S980Baz signal is provided as a ratio of P-S980Baz/total Baz and compared to wild-type (WT) neighboring za.
(M–O0) Comparison of a wild-type pupal retina (M and M0) and a retina treated with l-phosphatase (N and N0) and l-phosphatase + Na3VO4 (O and O0).
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1068normally observed when assaying endogenous Baz and Arm is
absent when overexpressing wild-type Baz::GFP (Figure 3B)
or BazS980E::GFP (Figure 3C). Finally, when expressing Baz-
S980A::GFP, we observe abnormally long membrane domains
containing BazS980A::GFP together with DaPKC, Par6, and
Arm (Figure 3D; data not shown). Interestingly, in these long
apical membrane domains, Crb, Sdt, and PATJ are also
present, albeit at weak levels of expression (Figure 3E; datanot shown). Examination of the corresponding adult photore-
ceptors reveals strong morphological defects rendering any
systematic quantitative analysis difficult (Figure S1D). How-
ever, measuring the length of the electron-dense za in the
BazS980A overexpression experiment reveals that these are
significantly longer than wild-type. Upon expression of Baz-
S980A::GFP, the electron-dense za are 362.06 nm 6 255.42
nm in length (n = 60), compared with 158.54 nm 6 35.18 nm
Figure 4. Photoreceptor Apicobasal Remodeling Requires Baz Phosphory-
lation at S980
(A–A0 00) A 45% pupal ommatidium mosaic for bazxi (white star), labeled by
the absence of GFP (blue), and stained for Sdt (green) and Crb (red).
(B–B0 00) A 45% pupal ommatidium mosaic for bazxi, labeled by the absence
of GFP (blue), and stained for DaPKC (green) and Arm (red).
(C–C0 00) A 45% pupal ommatidium mutant for bazxi, expressing Baz-
S980A::GFP, and stained for Arm (blue) and DaPKC (green). The Baz-
S980A::GFP transgene is indicated by red staining. Note that the bazxi
mutant cells are marked by the absence of nuclear GFP, which is also pre-
sented in red.
(D–D0 00) A 45% pupal ommatidia mutant for bazxi, expressing Baz-
S980E::GFP, and stained for Arm (blue) and DaPKC (green). The Baz-
S980E::GFP (red) transgene is indicated by red staining. Note that the bazxi
mutant cells are marked by the absence of nuclear GFP, which is also pre-
sented in red. Stars mark the bazxi mutant cells.
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1069(n = 126) in the control (GMR-Gal4 alone; p < 0.001). These data
suggest that phosphorylation of Baz at S980 is required for the
apical exclusion of Baz from the photoreceptor nascent
subapical membrane. However, phosphorylation of S980Baz
is not required for Baz to recruit AJ material. We conclude
that a failure to exclude Baz from the subapical membrane
leads to the Baz-dependent assembly of AJ material within
this Crb/Sdt, DaPKC-Par6-containing membrane domain.
To test this model more directly, we made use of an antibody
that specifically recognizes Baz phosphorylated at S980 [36].
This antibody specifically labels the developing pupal photore-
ceptor za before (Figure 3F) and after (Figure 3G) the onset of
apicobasal polarity remodeling. The specificity of the anti-
PS980Baz antibody was confirmed by l-phosphatase treat-
ment of extracts of S2 cells expressing WTBaz::GFP
(Figure 3H). Further, no signal was observed when extracts
of S2 cells expressing BazS980A and BazS980E were tested
by western blot (Figure 3I). To demonstrate that DaPKC is
the kinase responsible for phosphorylating S980-Baz in S2
cells, we made use of a specific inhibitory peptide for PKCz.
Consistent with our in vitro phosphorylation assay, overnight
treatment led to a strong reduction of S980-Baz phosphoryla-
tion (Figure 3J). In retinas, P-S980Baz staining at the za was
specific, because it was not observed in mosaic ommatidia
mutant for Baz (Figure 3K) and was only very weakly detected
in DaPKC mutant photoreceptors (Figure 3L). Finally, the P-
S980Baz staining was abolished upon l-phosphatase treat-
ment of wild-type retina (Figures 3M–3O0). Altogether, these
data indicate that during photoreceptor apicobasal polarity re-
modeling, the Baz-DaPKC-Par6 complex represents a tran-
sient enzyme-substrate association. This results in the phos-
phorylation of BazS980 by DaPKC, an event required to
enable apical exclusion of Baz. Importantly, our data indicate
that this is required to separate the nascent subapical
membrane containing Par6-DaPKC from the Baz-containing
za. We conclude that DaPKC phosphorylation of Baz at S980
is required to define the boundary between the nascent photo-
receptor subapical membrane and the newly specified za.
Photoreceptor Apicobasal Remodeling Requires Baz
Phosphorylation at S980
Baz presents an oligomerization domain [37] that renders
overexpression experiments difficult to interpret. We therefore
sought to express the BazS980A and BazS980E transgenes in
photoreceptors lacking endogenous baz. bazxi mutant photo-
receptors are characterized by a lack of subapical membrane
morphogenesis, as demonstrated by the loss of cortical
DaPKC, and a strong decrease of Crb and Sdt at the cell cortex
(Figures 4A and 4B). This is accompanied by a scattering of AJ
material along the developing cell membrane (Figure 4B).
Accordingly, in the vast majority of cases, the corresponding
adult mutant photoreceptors do not present any continuous
za (Figure 1O). Interestingly, Baz mutant photoreceptors
flanked by a wild-type cell most often present a normal za (Fig-
ure 3K). This suggests that Baz is dispensable for cell-cell
contact formation per se.
To assay the relative contribution of DaPKC phosphorylation
of Baz at S980, we performed rescue experiments based on
expressing BazS980A::GFP and BazS980E::GFP in otherwise
bazxi mutant photoreceptors. Introducing BazS980A::GFP in
otherwise bazxi mutant cells led to the formation of long apical
membrane domains containing the corresponding GFP trans-
gene, together with DaPKC and Arm (Figure 4C). However,
when performing rescue experiments with BazS980E::GFP,we can fully rescue the bazxi loss-of-function phenotype. The
BazS980E::GFP fusion protein is detected with E-Cad-Arm at
the nascent za. In addition, the corresponding photoreceptors
recover DaPKC at the subapical membrane (Figure 4D). These
data indicate that DaPKC phosphorylation of S980Baz is abso-
lutely required to separate the photoreceptor subapical mem-
brane from the nascent za domain. In addition, the BazS980E
protein is able to support the recruitment of DaPKC at the
apical cell cortex. Finally, these data demonstrate that Baz
phosphorylation at S980 is not required for recruiting AJ
material.crb, but Not sdt, Is Required to Promote Apical Exclusion
of P-S980 Baz
It has been reported that phosphorylation of Crb by DaPKC at
residues T6 and T9 is necessary for its apical localization and
function [19]. In addition, both Crb and its binding partner
Sdt/Pals1 have been shown to bind to Par6 in various epithelial
cell types [13–18]. This prompted us to revisit the crb and
sdt loss-of-function phenotypes in the developing pupal
photoreceptor. crb11A22 mutant photoreceptors demonstrate
abnormally elongated apical organelles with short subapical
membranes (Figure 5A) [11, 12]. In the absence of crb11A22
function, the apical photoreceptor membrane is characterized
by long domains containing Baz colocalized with DaPKC-Par6
and Arm (Figures 5B–5D; data not shown). Notably, these
Figure 5. crb, but Not sdt, Is Required to
Promote Apical Exclusion of Phospho-S980 Baz
(A) Electron micrograph of an adult ommatidium
for crb11A22. Stalk membranes are highlighted
in red.
(B–B0 00) A 45% pupal ommatidium mosaic for
crb11A22. The crb11A22 mutant cells are positively
marked by GFP (blue). Staining for Arm is in green
and DaPKC is in red.
(C–C0 00) A 45% pupal ommatidium mosaic for
crb11A22. The crb11A22 mutant cells are positively
marked by GFP (blue). Staining for Arm is in green
and Baz is in red.
(D–D0 00) A 45% pupal ommatidium mosaic for
crb11A22. The crb11A22 mutant cells are positively
marked by GFP (blue). Staining for DaPKC is in
green and Baz is in red.
(E–E0 00) A 45% pupal ommatidium mosaic for
crb11A22. The crb11A22 mutant cells lack the GFP
marker (blue). Staining for Arm is in green and
Phospho-S980 Baz is in red.
(F–F0 00) A 45% pupal ommatidium mutant for
sdtk85. The sdtk85 mutant cells lack the GFP
marker (blue). Staining for Crb is in green and
Baz is in red.
(G–G0 00) A 45% pupal ommatidium mutant for
sdtk85. The sdtk85 mutant cells lack the GFP
marker (blue). Staining for Par6 is in green and
Baz is in red.
(H–H0 00) A 45% pupal ommatidium mutant for
sdtk85. The sdtk85 mutant cells lack the GFP
marker (blue). Staining for DaPKC is in green
and Arm is in red.
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1070domains contain P-S980-Baz (Figure 5E). These data demon-
strate that crb is not required to promote BazS980 phosphor-
ylation but is required to separate the AJ from the subapical
membrane.
Next, we examined the sdt loss of function, with both the
sdtXP96 (presenting a stop codon 50 to its C-terminal Hook
domain) and the sdtk85 (presenting a stop codon in its L27N
domain) alleles [38]. For both alleles, the corresponding
mutant photoreceptors are characterized by an absence of
staining for the Sdt epitope and strong morphological pheno-
types in photoreceptors [38] (data not shown). Because sdtk85
is likely to represent a stronger sdt allele [38], we focused our
analysis on this particular allele. First, in contrast to the crb
loss-of-function phenotype, the loss of sdt function (sdtXP96
and sdtk85) is characterized by the presence of a distinct
subapical domain positive for Par6 and DaPKC but lacking
Baz and Arm (Figures 5G0–5H0). Second, as is the case for
sdt mutant fly embryos, Crb is still present at the subapical
membrane, albeit at weak levels, in both sdtXP96 and sdtk85
mutant photoreceptors (Figure 5F) [8, 31]. However, whereas
Baz and Arm are found in discrete za domains basal to the
subapical membrane (Figures 5G00–5H00), Par6 and DaPKC
are also found in these za domains. We therefore conclude
that Crb, but not Sdt, is required to exclude Baz from the
apical membrane and thus define the border between the
subapical membrane and the za. In addition, Sdt appears to
be required to efficiently deplete Par6-DaPKC from the devel-
oping za.par6 and cdc42 Are Required to Promote DaPKC and Crb
Localization to the Subapical Membrane
Par6 is an adaptor subunit of PKC, and during TJ assembly in
vertebrates, binding of GTP-loaded Cdc42 to Par6 is thought
to alleviate its function in repressing DaPKC activity [13, 14,
39, 40]. This raises the possibility that at the developing apical
membrane, Cdc42 activity might be required to promote phos-
phorylation of BazS980 and Crb-T6-T9 by DaPKC. Moreover,
binding of GTP-loaded Cdc42 to Par6 has been shown to
induce a conformational change in Par6 that promotes binding
of this factor to PALS1/Sdt [13, 14, 41, 42]. In order to test
these possibilities, we made use of a par6 transgene that is
mutated in the pseudo-CRIB domain (Par6-D-P) [42], which
is responsible for recruiting Cdc42. In addition, we also exam-
ined the apicobasal specification of photoreceptors mutant
for Cdc42. par6 mutant photoreceptors could not be recov-
ered in pupal retinas, presumably because of a strong require-
ment for this factor for cell survival. However, when generated
in the presence of Par6-D-P, the corresponding mutant cells
could be recovered. In this genetic background, P-S980-Baz
can still be detected (Figure 6A), but it is not excluded from
the subapical membrane and instead is colocalized with
DaPKC (Figures 6A and 6B). Concomitantly, Crb expression
is strongly decreased at the membrane of the corresponding
mutant photoreceptors (Figure 6C; see arrows). These data
suggest that Cdc42 activity is not required in the Par6-DaPKC
module in order to promote DaPKC activity toward S980-Baz.
However, they indicate that Cdc42 activity is required in the
Figure 6. par6 and Cdc42 Are Required to Promote DaPKC and Crb Local-
ization at the Subapical Membrane
(A–A0 00) A 45% pupal ommatidium mosaic for par6226 expressing par6>Par6-
D-P in all cells. The par6226 mutant cells lack the GFP marker (blue). Staining
for Arm is in green and Phospho-S980 Baz is in red.
(B–B0 00) A 45% pupal ommatidium mosaic for par6226 expressing par6>Par6-
D-P in all cells. The par6226 mutant cells lack the GFP marker (blue). Staining
for DaPKC is in green and Baz is in red.
(C–C0 00) A 45% pupal ommatidium mosaic for par6226 expressing par6>Par6-
D-P in all cells. The par6226 mutant cells lack the GFP marker (blue). Staining
for Crb is in green and Baz is in red. Arrows point to par6226 mutant cells.
(D–D0 00) A 30% pupal ommatidium mosaic for Cdc424. The Cdc424 mutant
cells lack the GFP marker (green). Staining for Phospho-S980 Baz is in
red. Arrows point a Cdc424 mutant cell.
(E–E0 00) A 45% pupal ommatidium mosaic for Cdc424. The Cdc424 mutant
cells lack the GFP marker (blue). Staining for DaPKC is in green and Baz
is in red. Arrows point to a Cdc424 mutant cell.
(F–F0 00) A 45% pupal ommatidium mosaic for Cdc424. The Cdc424 mutant
cells lack the GFP marker (blue). Staining for Arm is in green and Phos-
pho-S980 Baz is in red. Stars indicate za junctions flanking wild-type cells.
(G–G00) A 45% pupal ommatidium mosaic for Cdc424. The Cdc424 mutant
cells lack the GFP marker (green). Staining for Crb is in red. An arrow indi-
cates a Cdc424 mutant cell.
(H–H0 00) Mosaic ommatidium for DaPKC. The mutant cells lack the GFP
marker (blue). Crb staining (green) is missing at the subapical membrane
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brane from the AJ.
We next examined cdc42 mutant photoreceptors. By raising
mosaic retina for cdc424 at 18, small mutant clones could be
recovered. With reduced cdc42 function, and in agreement
with our data on Par6-D-P, we can still detect P-S980-Baz at
the apical membrane of photoreceptors at the onset of apico-
basal polarity remodeling (Figure 6D; see arrow). However,
shortly after this point, Baz, DaPKC, and Crb are mostly lost
from the cortex, leading to very disorganized photoreceptor
clusters (Figures 6E–6G). We note that because the cdc42
mutant phenotype is more severe than that of Par6-D-P,
cdc42 function is most likely also required outside of the
Par6-DaPKC module. Interestingly, the absence of DaPKC
function (Figure 6H) resembles the par6-D-P phenotype in
that Crb is reduced from the apical membrane. In the case of
DaPKC, this is accompanied by an expansion of the Baz
domain (Figure 6H; see arrow). Altogether, these observations
demonstrate that during polarity remodeling, cdc42 function is
not required for P-S980-Baz phosphorylation by Par6-DaPKC.
They also indicate that during this process, the DaPKC-Par6-
Cdc42 module is required for proper localization of Crb at
the subapical membrane and to separate the new za domain
from the nascent subapical membrane.Discussion
Epithelial cells represent a major cell type in multicellular
organisms. The regulation of apicobasal polarity specification
for this cell type has been under extensive scrutiny for the past
decade. However, the molecular mechanisms involved in epi-
thelial tissue morphogenesis or homeostasis remain incom-
plete. This is particularly the case for instances of tissue
remodeling, for example in the Drosophila neuroectoderm
[9], renal tube [10], or in the case of the striking remodeling
of the pupal photoreceptor apicobasal axis. Our work reveals
that in the developing photoreceptor, Crb and DaPKC promote
the apical exclusion of Baz from the nascent subapical mem-
brane, thus limiting Baz localization to the tip of this membrane
domain. We show that this is crucial for setting up the
boundary between the newly specified za and the nascent
subapical membrane. Further, our data indicates that this
molecular sorting mechanism is promoted by Crb and is
enabled by the binding of Cdc42 to the DaPKC regulatory
subunit Par6. These data are summarized in Figure 7.Crb Supports Photoreceptor Polarity Remodeling by
Promoting the Molecular Sorting of Baz from Par6-DaPKC
Our data demonstrate that BazS980E is able to rescue the
baz loss-of-function phenotype during pupal photoreceptor
polarity remodeling. Importantly, this includes a rescue of
DaPKC localization at the subapical domain of the developing
photoreceptor. These data are consistent with the proposal
that the association of Baz with DaPKC represents an enzyme-
substrate association [29]. Further, whereas in MDCK cells
P-S827-mPar3 is detected at the apical-most tip of cell-cell
contacts early during TJ formation [29], we detect the
P-S980-Baz epitope predominantly at the apical tip of the
developing za. It has been proposed that in vertebrate cells,of a DaPKC mutant photoreceptor (white arrow). Baz, which is stained in
red, expands toward the apical pole of the corresponding cell (white
arrow).
Figure 7. Molecular Sorting Mechanism Proposed to Stratify the Photore-
ceptor Apical Membrane into a Distinct Subapical and za Domain
Cdc42 binding to Par6 enables recruitment of Par6-DaPKC by Crb at the
nascent subapical membrane. This results in the apical exclusion of
DaPKC-phosphorylated Baz. This molecular sorting allows the setting up
of the boundary between the subapical membrane and the za.
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where S827-mPar3 is phosphorylated [29]. Interestingly, the
apical tip of the developing photoreceptor za also contains
a trail of DaPKC together with Crb and Sdt. This suggests
that this discrete membrane domain is the site where S980-
Baz is phosphorylated by DaPKC and, perhaps, where the
molecular sorting mechanism we describe here is taking
place. In molecular and mechanistic terms, this discrete
domain found in a specialized invertebrate epithelial cell such
as the photoreceptor might thus be considered the equivalent
of the tip of the vertebrate TJ.
During Drosophila development, Crb expression is first
detected at the apical membrane of the early gastrulae where
they enable za specification [3, 5, 8]. In the gastrulating
embryo [20] and developing photoreceptor, baz function is
required for recruiting Crb to the nascent apical membrane.
Importantly, in both of these epithelial cell types, DaPKC func-
tion is not required for Baz to be recruited at the apical cell
cortex [20]. Our data indicate that in the developing eye,
similar to the early onset of gastrulation [4], Crb levels at the
apical membrane are increased at the onset of photoreceptor
apicobasal polarity remodeling. This increase in Crb levels
correlates with the separation of the new pupal photoreceptor
za from the subapical membrane domain. At this stage,
P-S980-Baz is already detected, indicating that crb does not
regulate the phosphorylation of S980-Baz by DaPKC. Accord-
ingly, P-S980-Baz is still detected in the absence of crb func-
tion. Importantly, the loss of crb function in photoreceptors is
characterized by a failure in separating the subapical
membrane domain from the za. This is identical to the situa-
tion we report here for the overexpression of Baz-S980A.
This phosphodead version of Baz leads to a Baz-dependent
recruitment of AJ material to the photoreceptor subapical
membrane and therefore does not allow for a proper separa-
tion of the za from the subapical membrane. This is accompa-
nied by a decrease in the levels of Crb, Sdt, and PATJ, an
observation consistent with defects in recruiting or maintain-
ing these apical factors at the plasma membrane. Importantly,
we found that in the absence of Sdt, low levels of Crb are
maintained at the apical membrane, and this is sufficient to
support the separation of the subapical membrane domain
from the new za. From this we conclude that in the photore-
ceptor, Crb, but not Sdt, functions in defining the boundary
between the nascent subapical membrane and the za.
However, we also note that in the sdt loss-of-function situa-
tion, the za contains DaPKC-Par6 in excess when compared
to the wild-type.Apical Exclusion of Baz Limits za Assembly to the Basal
Tip of the Nascent Subapical Domain
Our data demonstrate that at the onset of photoreceptor za
remodeling, Baz localizes to the site of the presumptive za
before E-Cad-Arm, and in the absence of baz function, AJ
material is scattered along the photoreceptor membrane.
The latter point is consistent with our observation that the cor-
responding baz mutant adult photoreceptors lack za. Impor-
tantly, our data imply that phosphorylation of S980-Baz is
not required for this factor to recruit AJ components such as
E-Cad/Arm.
It is also noteworthy that toward the end of photoreceptor
pupal differentiation (approximately 75% pupation), Baz is
progressively lost from the developing photoreceptor za and
relocalizes to a diffused cortical domain at the base of the
apical microvilli [27, 31]. This indicates that in these cells,
Baz is not a component of the fully mature photoreceptor za
and therefore is not likely to be involved in za homeostasis
during the adult life of the animal. Moreover, we note that
the lack of proper localization for E-Cad-Arm observed in
baz mutant photoreceptors can be fully rescued by wild-type
flanking cells, a situation analogous to that recently described
in the developing fly notum [43]. This rescue is specific to the
za, because DaPKC is still missing at the subapical cortex in
these cells. A likely explanation for the za rescue is that the
wild-type flanking cells provide a positional cue to the baz
mutant cell via E-Cad based on its fundamental property to
engage into homophilic interaction in trans [44].
Cdc42 Function Is Required to Promote Par6-DaPKC
Recruitment at the Subapical Membrane
How, then, does Crb promote apical exclusion of P-S980-Baz?
First, both Sdt/Pals1 and Crb have been shown to directly bind
to the conserved PDZ domain of Par6, with both DaPKC and
Par6 coprecipitating with these two factors [14–16]. Second,
whereas DaPKC directly binds to Par6, it has recently been
shown to phosphorylate Crb in vitro [19, 39, 42, 45]. Together,
these observations suggest that Par6 and DaPKC might be
part of the Crb complex.
Our data indicate that although Crb is required to separate
DaPKC-Par6 from Baz, this depends on the activity of the
small GTPase Cdc42. In vertebrates, Par6 is thought to repress
PKC activity, and such repression is relieved upon binding of
Cdc42 to Par6 [34, 46]. In Drosophila, cdc42 is required to
promote Baz-dependent localization of Par6 at the apical
cortex in the fly blastoderm [42] and of DaPKC-Par6 at the
apical pole of the neuroblast [47]. Moreover, binding of GTP-
loaded Cdc42 to Par6 has been shown to induce a conforma-
tional change in Par6 that promotes binding of this factor to
PALS1/Sdt [13, 14, 41, 42]. We found that neither cdc42 nor
its binding to Par6 is required for promoting DaPKC-depen-
dent phosphorylation of S980-Baz. However, we show that
binding of Cdc42 to Par6 is required to promote Crb localiza-
tion at the apical cortex, a situation analogous to that reported
recently in the developing ventral neuroectoderm [9]. Alto-
gether, our data argue that Cdc42 might function, at least in
part, in promoting binding of Par6-DaPKC to Crb. It is also
interesting to note that Par6 function is required only late
during gastrulation in Drosophila [21, 42], suggesting that,
together with Crb [9], these factors are primarily required
when tissue remodeling takes place. Finally, we note that in
the photoreceptor, the loss of function for cdc42 is stronger
than that of Par6-D-P. In particular, PS980-Baz, DaPKC, and
Crb are eventually lost altogether from the cell cortex in the
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outside of the Par6-DaPKC complex, in particular during apical
endocytosis and endosome maturation [9, 43, 48]
In conclusion, we favor a model in which, during photore-
ceptor apicobasal polarity remodeling, the Crb complex
outcompetes P-S980-Baz for binding to Par6-DaPKC at the
apical tip of the developing za. Our data suggest that this
molecular sorting depends on Cdc42 function via promoting
Par6-DaPKC binding to Crb. Further, we show that this asso-
ciation is required to promote Crb localization to the apical
membrane. In this model, both the onset of Crb expression
and the activity of Cdc42 associated with the DaPKC regula-
tory subunit Par6 appear to be the main triggers that promote
photoreceptor apicobasal remodeling. Collectively, our data
provide evidence that the function of Crb in promoting the
apical exclusion of P-S980-Baz represents a key molecular
sorting mechanism for establishing the apical boundary of the
za during polarity remodeling in Drosophila photoreceptors.
Experimental Procedures
Fly Strains and Genetics
The following genotypes were used: y,w, hsflp122, Act>CD2>Gal4; UAS:
Baz::GFP [35]. w; GMRGal4; UAS:BazS980A::GFP. y,w, hsflp122, Act>
CD2>Gal4; UAS:BazS980A::GFP [36]. w; GMRGal4; UAS:BazS980A::GFP.
y,w, hsflp122, Act>CD2>Gal4; UAS:BazS980E::GFP [36]. w; GMRGal4;
UAS:BazS980A::GFP. w, bazxi, FRT9.2/Ubi-GFP, FRT9.2; eyflp [49]. w, bazxi,
sdtXP96 FRT9.2/Ubi-GFP, FRT9.2; eyflp [50]. w, sdtXP96 FRT9.2/Ubi-GFP,
FRT9.2; eyflp [50]. w, sdtK85 FRT19A/Ubi-GFP, FRT19A; eyflp [38]. w,
bazEH171, dlgM52 FRT9.2/Ubi-GFP, FRT9.2; eyflp [6]. w, dlgM52 FRT101/
Ubi-GFP, FRT101;; eyflp [51]. w, par6d226 FRT9.2/Ubi-GFP, FRT9.2; par6>
Par6DP/eyflp [42]. w, cdc424 FRT19A/Ubi-GFP, FRT19A ; eyflp [52]. w, eyflp;
DaPKCk06403, FRT42D/Ubi-GFP, FRT42D [45]. w, hsflp;; crb11A22 FRT82B/
Ubi-GFP, FRT82B [3]. w, eyflp, UAS-GFP;; crb11A22 FRT82B/TubGal4,
FRT82B, TubGal80.
General fly cultures and crosses were carried out at 25C. Flies express-
ing the UAS:Baz::GFP, UAS:BazS980A::GFP, and UAS:BazS980E::GFP
transgenes in flip-out clones generated with the hsflp122, Act>CD2>Gal4
driver were raised at 25C immediately following puparium formation.
Antibodies and Immunological Methods
Whole-mount retinas were prepared as described in [53]. The following anti-
bodies were used: rabbit anti-aPKCz 1/50 (Santa Cruz Biotechnology),
mouse anti-Armadillo (4C5, 1/20, Developmental Studies Hybridoma Bank
[DSHB]), rat and rabbit anti-Bazooka 1/2000 [54], rat anti-Crumbs 1/500
[55], rat anti-E-Cad (1/50, DSHB), rabbit anti-D-Patj 1/500 [56], guinea-pig
anti-Par6 1/500 (a kind gift from A. Wodarz), and rabbit anti-Sdt 1/250
[38], with the appropriate combination of mouse, guinea pig, rabbit, and
rat secondary antibodies 1/100 each (Alexa, Molecular Probes). The Phos-
pho-S980-Baz antibody was used for immunofluorescence at a dilution of
1/200 [36]. For staining with this antibody, whole-mount retinas were
prepared as described in [53], except that fixation was performed in 8%
formaldehyde for 10 min and all washing steps were performed with phos-
phate-buffered saline (PBS) + 0.3% Triton X-100 supplemented with NaCl
such that the final NaCl concentration was 300 mM. The specificity of the
P-S980Baz staining was tested in situ on fixed retinas treated with 400 U
of l-phosphatase (New England Biolabs). Imaging was performed with a
Leica SP5 confocal, and the images were edited with ImageJ and Adobe
Photoshop 7.0.
Kinase Assay and Western Blotting
For the PKC phosphorylation assay on S980-Baz, pMAL-Baz-WT and
pMAL-Baz-SA980 [35] were produced in E. Coli (XL10 gold) via standard
IPTG induction (0.3 mM). The corresponding fusion proteins were purified
on amylose resin (New England Biolabs). After quantification of the two cor-
responding recombinant proteins eluted in PBS, 2.5 mg of each was sub-
jected in parallel to three independent batches of 80 ng active recombinant
PKCz (Cell Signaling; Stressgen; Enzo Life Science) in a reaction volume of
50 ml containing 200 mM ATP, 25 mM Tris-HCL [pH 7.5], 10 mM MgCl2, 5 mM
b-glycerophosphate, and 2 mM DTT. All three recombinant PKCz prepara-
tions gave the same results. To control for loading, we ran 10 ml of eachkinase reaction on an SDS polyacrylamide gel and stained them with Coo-
massie blue. Specificity of the phospho-S980 antibody [36] with respect
to P-S980Baz was assayed by western blotting. WTBaz::GFP, SA980-
Baz::GFP, and SE980-Baz::GFP were expressed in S2 cells, and the corre-
sponding cell lysate for WTBaz::GFP was treated for 1 hr at 30C with 400 U
of l-phosphatase (New England Biolabs) or l-phosphatase supplemented
by 10 mM of its inhibitor, Na3VO4 (Sigma). The inhibition of DaPKC in S2 cells
was performed by overnight incubation in the presence of 40 mM PKCz
inhibitory peptide Myr-SIYRRGARRWRKL-OH (Merck).
Electron Microscopy
Electron microscopy was performed as in [27] with a Tecnai G2 Spirit trans-
mission electron microscope (FEI) equipped with a Morada charge-coupled
device camera (Olympus Soft Imaging Systems). Image quantification was
performed with the iTEM software package.
Supplemental Information
Supplemental Information includes one figure and can be found with this
article online at doi:10.1016/j.cub.2010.04.049.
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